We report finite-bias differential conductance measurements through a split-gate constriction in the integer quantum Hall regime at n ¼ 1. Both enhanced and suppressed zero-bias inter-edge backscattering can be obtained in a controllable way by changing the split-gate voltage. This behavior is interpreted in terms of local charge depletion and particle-hole symmetry. We discuss the relevance of particle-hole symmetry in connection with the chiral [1] are created at integer and peculiar fractional values of the filling factor n, defined as the ratio between the electron density n and the magnetic flux density n f measured in units of f 0 ¼ h=e. Charge excitations confined at the edge are the low-lying charged modes that can propagate in the QH phase. These edge excitations, at the fractional n ¼ 1=m with m odd integer, form a one-dimensional liquid that was predicted to be equivalent to a chiral Luttinger liquid (CLL) [2] with interaction parameter g ¼ n [3-5]. These predictions were addressed by a large number of experiments [6] [7] [8] [9] [10] [11] [12] even if many open issues remain, in particular for the case na1=m.
Quantum Hall (QH) states [1] are created at integer and peculiar fractional values of the filling factor n, defined as the ratio between the electron density n and the magnetic flux density n f measured in units of f 0 ¼ h=e. Charge excitations confined at the edge are the low-lying charged modes that can propagate in the QH phase. These edge excitations, at the fractional n ¼ 1=m with m odd integer, form a one-dimensional liquid that was predicted to be equivalent to a chiral Luttinger liquid (CLL) [2] with interaction parameter g ¼ n [3] [4] [5] . These predictions were addressed by a large number of experiments [6] [7] [8] [9] [10] [11] [12] even if many open issues remain, in particular for the case na1=m.
Split-gate (SG) constrictions [13] are used to induce and control the scattering between counter-propagating edge channels (see Fig. 1a ). CLL theory predicts a suppression of the (low-temperature, low-bias) transmission through the impurity. Here, we report a different non-linear behavior where both conductance suppression and enhancement can be observed as a function of the SG voltage V g even when n ¼ 1. These results indicate that the edge-edge interaction is controlled by the local charge depletion in the constriction region and that the constrictions at n ¼ 1 exhibit a symmetric behavior in agreement with particle-hole symmetry [14, 15] , i.e. a fundamental property of the underlying QH system. Devices were realized starting from two different highmobility AlGaAs/GaAs single heterojunctions A and B with charge density 1:5 Â 10 11 cm À2 and 1:3 Â 10 11 cm
À2
and mobility 4:6 Â 10 6 and 6:7 Â 10 6 cm 2 =V s, respectively. The two-dimensional electron system (2DES) was buried 100 nm below the surface. Gates were realized by thermal evaporation of a metal bilayer Al/Au ð5=25 nmÞ with different constriction geometries. Standard rectangular constrictions were fabricated on sample A with a finger width of about 500 nm and gaps between 600 and 800 nm. Triangular constriction with a tip angle p=2, a gap of 400 nm and a finger width of 8 mm (see Fig. 3a ) were fabricated on sample B. Measurements were performed in a 3 He refrigerator with base temperature of 250 mK. The filling factor was kept to n ¼ 1 by tuning the magnetic field (at 6:5 and 5:4 T) to the center of the vanishing longitudinal resistivity r xx measured outside the constriction. A finite DC bias V, added to a small AC modulation ð20 mVÞ, was applied to the device as shown in Fig. 1a . In the QH geometry shown in Fig. 1a , V is the voltage difference between the edge states entering the constriction from the two sides. The transmission coefficient tðV Þ was obtained by two-wire differential conductance GðV Þ measurements and analyzed as a function of the negative SG voltage V g . At n ¼ 1 the constriction transmission tðV Þ is directly linked to GðV Þ by tðV Þ ¼ hGðV Þ=e 2 [16] . Fig. 1b reports a selected set of non-linear conductance traces obtained near the constriction pinch-off. Transmission is strongly non-linear and displays a deep zero-bias suppression. High-bias transmission accumulates at t % These data can be interpreted in terms of a realistic constriction geometry where the Schottky gates locally deplete the interaction region leading to a reduced filling factor n Ã inside the constriction. Data are indeed consistent with the zero-bias suppression of the transmission predicted by CLL theory [5] for g ¼ [12, 17] . We argue here that this experimental signature can be explained in terms of particle-hole symmetry in the QH regime. Indeed, the constriction circuit implements a QH geometry which is self-dual under charge-conjugation in the first Landau level. A partially filled first Landau level (with no1) can be described either in terms of electrons or in terms of holes with filling 1 À n over a completely filled Landau level. As long as inter-level mixing can be neglected, the complementary hole picture is governed by a time-reversed version of the electronic Hamiltonian and a mapping between states at n21 À n can be established [14, 15, 18] . To understand the impact of this particle-hole symmetry on the experiments here presented, we show in Fig. 2a cartoon of an ideal QH constriction at ''local'' filling factor n Ã and biased at V ¼ 2V i . Chiral edge states propagate at the boundary between different filling factors in the directions indicated by the arrows: incoming edge states are polarized [19] at AEV i and emerge after interaction/equilibration at a potential AEV 0 ðV i Þ. The same circuit is described in terms of holes in Fig. 2b with constriction filling factor 1 À n Ã . Following particle-hole symmetry, the hole-dynamics in Fig. 2b is the same of time-reversed electrons or, equivalently, of electrons ina reversed external electromagnetic field (Fig. 2c) . A final 180 1 rotation (around the axis defined by outgoing edge states) maps the system back to a biased constriction with central filling 1 À n Ã . This simple particle-hole argument sets a correspondence between the behavior of the QH circuit at constriction filling factor n Ã and that with 1 À n Ã . The main consequence of the mapping is that the meaning of ''crossing the constriction'' changes in the transformation currents flowing in the constrictions of Fig. 2a and d are
where G 0 ¼ e 2 =h. The sum of these two currents is I 1Àn Ã ðV Þ þ I n Ã ðV Þ ¼ G 0 V , so that in terms of differential transmission t ¼ G À1 0 dI=dV and reflection r we have the following duality:
It is worth noting that Luttinger theory for fractional edge channels ðg ¼ no1Þ always predicts a low-energy suppression of the transmission through the scattering center. However, particle-hole symmetry indicates that both zero-bias enhancement and suppression of the conductance should be obtained. While the transmission suppression can be interpreted as a consequence of Luttinger properties of edge channels, the symmetric transmission enhancement observed at t4 1 2 seems to contradict Luttinger theory. However, as we already argued in more details elsewhere [20] , ''transmission'' and ''reflection'' of the Luttinger model are not well-defined for edge channels because of chirality. Depending on the precise filling factor geometry, a Luttinger transmission suppression can both lead to an enhanced or suppressed backscattering between edge channels [20] .
The creation and gate-voltage control of CLLs in a QH circuit has recently attracted a significant theoretical interest [21, 22] . The effect of residual edge-edge interactions in a X-shaped constriction was studied as a function of the constriction angle and dual results could be obtained for different angles [23] . While these interpretations of the non-linearity are strongly geometry-dependent, the symmetry argument we propose provides a general description of the experimental features that does not depend on the detailed geometry of the constriction. In order to evaluate the impact of these different mechanisms, we realized constrictions with different geometries using sample B. Fig. 3a shows a gate geometry which should be relatively less affected by residual edge-edge interactions: the constriction angle at the tip is p=2 and thus the effect of non-local inter-and intra-edge interactions should be vanishingly small [23] . In addition, split-gates far from the constriction are 8 mm: this should avoid further residual edge-edge interactions across the gate that could lead to a renormalization of the interaction parameter g of the edge [21] . Fig. 3b reports preliminary results of non-linear conductance obtained on such a constriction. Non-linear transmission suppression is observed near the pinch-off region and a weak ''reversed'' transmission enhancement could be observed as well at t % 2 3 . Preliminary results thus indicate residual edge-edge interaction is not the main mechanism leading to a non-linear constriction conductance. A quantitative experimental estimate of the impact of edge-edge interactions on the constriction behavior will require further investigations.
In conclusion, we reported non-linear transport results of edge channels at n ¼ 1 through a split-gate constriction. Both zero-bias suppression and enhancement of the constriction transmission can be observed as a function of the split-gate voltage. We showed that these results can be explained in terms of local charge depletion in the constriction region and particle-hole symmetry. This symmetry has already been invoked to explain electrical transport close to the QH liquid-to-insulator transition [24, 25] . Our experiments address the relation between QH particle-hole symmetry and the Luttinger model for edge channels. 
